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DEFECT ANNEALING IN IRRADIATED SEMICONDUCTORS

INTRODUCTION

This report describes progress for the period October 1, 1965 to March 31, 1966

in the research program supported by NASA Research Grant NsG - 602.

Research work in this period imvolved:
1. Calculation of empirical values of isothermal annealing model parameters.
2. Determination of the best theoretical fit of experimental isothermal
annealing data given by approximate solutions of the annealing equatioms.
3. Calculation of activation energies for vacancy motion from the empirical

annealing model parameters.

There was one publication during the report period:
"Vacancy Activation Energy in n - Type Germanium" by W. Maurice Pritchard,

Bulletin of the American Physical Society, Series II, Vol 11, No. 2, 1966.

EMPIRICAL MODEL PARAMETERS

It has been shown (1) that for the special case in which the break-up rate for

secondary defect complexes is zero, the solution of the annealing equation is

1
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where

i
P = 1‘; = fraction of defects not annealed

io = initial concentration of interstitial atoms

I, = initial concentration of impurity atoms

I(1 = rate constant for annihilation of vacancies

Ky = rate constant for trapping of vacancies by impurity atoms
t = time after start of isothermal annealing



The equation for the annealing plateau level p = p, obtained by setting

d _
at 0, is
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Since the ratio T9... is known with reasonable accuracy, equation (2) can be

(V]
used to determine values of K, required to give the experimental plateau levels.

Ky

Solving equation (2) for K2/K1 yields
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Table I shows the required K2/R values for the isothermal amnealing data of

1
Pigg and Crawford (2) obtained with antimony doped n - type germanium, Table II

lists K2/K values for the data of Brown, Augustyniak, and Waite (3) on antimony
1

doped n - type germanium,

Table I
Amnealing Plateau Ko
Temperature P E;‘
377.2 X 0.520 0.3128
407 0.430 0.1965
410 0.300 0.1529
425.5 0.274 0.0793
455 0.230 0.0583

Table II
307 OK 0.32 0.1530
313 0.29 0.1266
329 0.26 0.1035
349 0.25 0.0990
370 0.23 0.0832

2
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For the Table I data, I, = 2.81 and for Table II, I, = 2.00.

i io

An examination of the required KZ/K1 values indicates that K, wust be of the
Ky

Ky
order of 0.1. In addition, Ki appears to be a monotonic decreasing function of

annealing temperature for both sets of data. Theoretical considerations of the
diamond lattice structure (5) indicate that the number of ways in which a vacancy
can arrive at an annihilation site or impurity trapping site are the same., The
fact that KZ/K1 must be of the order of 0.1 indicates that the trapping cross
section must be about an order of magnitude smaller than the annihilation cross

section.

BEST THEORETICAL FIT OF ANNEALING DATA

1f 52 is known and EZ is assigned an empirical value as previously described,

i Ky
the integral
1
G(p) = S dp (4)
PP+ I Ra/x 7
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can be evaluated numerically. A computer program was written to perform this
integration by Simpson's Rule. The isothermal annealing equation (1) then

becomes

G(p) = Klio t 5)

The constant Klio can be evaluated by a weighted least squares technique to give
the best overall fit of equation (5) to experimental isothermal annealing data.

The least squares equation for Klio is

N
= W
Lt = 12;1 Sy Gty

N , (6)
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where
Gi = G(pi)
p, = p(ty)

F

Wni = weighting factor for Gi

According to Deming (4), the ratio of weighting factors for G and p values is

Wy 0.2 1L |2
Wp=o'—':f" I,a_g_ )

2
where O  is the standard deviation. From equation (4)
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= -p[p+_9..(pK2’Kl-1)7 (8)
W, i A

1f the errors in p measurements are normally distributed,

v, = 1 ()
Op
and
P = P+ o (o, - lj (10)
o 2 i
Py °

The py values must be presumed to be measured with the same accuracy; for lack

of any information to the contrary. Therefore, G; 2 has the same value for all
i
pj- In this case, equation (5) becomes

N
. = 2 I K 2
(]
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N 2 2
I K
= p 2 + 2. (p Z/Kl - ]
i{i=1 i P i, i D ti
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A computer program was written to first calculate K io from equation (11) and

1
then calculate t as a function of p from equation (5). This procedure was used
to determine the best empirical fit of the annealing model to two sets of
experimental isothermal annealing data for n - type germanium, Figures 1 - 5
show the best theoretical curves and the experimental curves obtained by Pigg
and Crawford (2). Figures 6 - 10 are for the data of Brown, Augustyniak, and
Waite (3). The agreement between theoretical and experimental curves is gener-

ally good.

VACANCY ACTIVATION ENERGIES FOR GERMANIUM

The theoretical expression (5) for the rate constant Kl is
E

K=YZ e RT (12)

where

= 26 = Geometric Factor for Diamond Structure

13 -
0.572 x 10 sec 1 = Average Lattice Frequency

= PBoltzmann Constant

mowm Q|
"

= Activation Energy for Vacancy Motion
T = Absolute Temperature

Solving equation (12) for E gives

E=KTLan LZ (13)
K1

If equation (12) is in error by no more than one order of magnitude, the error
in E can be estimated as

E=+KTLn (10). ' (14)

Table III gives Klio values obtained by the method of least s8qQueres, activation
energies from equation (13) and estimated errors from equation (14) for the
data of Pigg and Crawford (2). Table IV gives the same information for the
data of Brown, Augustyniak, and Waite (3). The calculations for Table IIIX

13 3

were based on 10 =5x% 10 cm "~ = 1,10 x 109 atomic fraction and for Table IV,
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15 =~ 3 -8
io =1x 10 cm = 2,20 x 10 ~ atomlic fractiom.

Table II1
(°§) xligl E AE

(min™%) (ev) (ev)
377.2 0.2618 x 10°° 0.79 0,07
407 0.4529 x 10”2 0.75 0.08
410 0.1146 x 10”1 0.73 0.08
425.5 0.305¢ x 10" 0.72 0.08
455 0.750¢ x 107t 0.73 0.09

Table IV

T i E AE

(°x) (sec-1) (ev) (ev)
307 0.1522 x 1073 0.63 0.06
313 0.2641 x 10°> 0.53 0.06
329 0.11°6 x 10”2 0.02 0.07
349 0.5490 x 1072 0.51 0.07
370 0.2430 x 107" 0.50 0.07

The average activation energy for the data of Pigg and Crawford (2) is

E = 0.74 + 0.08 ev : (15)
For the data of Brown, Augustyniak, and Waite (3),

E = 0.52 + 0.07 ev (16)
In neither case does there appear to be a significant variation of E with

annealing temperature.

Since both sets of data are for antimony doped n ~ type germanium, the results
(15) and (13) are inconsistent. The value of E generally reported (3) as
deduced from isochronal annealing experiments is E = 0.8 ev. This value is
consistent with the value 0.74 ¥ 0.08 ev deduced from the isothermal annealing

data of Pigg and Crawford (2). The value 0.62 + 0,07 ev deduced from the
6



»

isothermal annealing data of Brown, Augustyniak, and Waite is much too low.
This apparently indicates a lower accuracy in the data reparted by these

authors.
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